Thylakoid membranes in chloroplasts contain photosynthetic protein complexes that convert light energy into chemical energy. Under fluctuating light conditions, photosynthetic protein complexes undergo structural reorganization to maintain photochemical efficiency. However, direct observation of dynamics of photosynthetic complexes in thylakoids remains elusive. Using high-speed atomic force microscopy (HS-AFM), we characterized the mobility of individual protein complexes in grana membranes isolated from Spinacia oleracea. We distinguished two different types of membranes according to their protein mobility. A large fraction of membranes contained proteins with quasi-static mobility, following a confined diffusion model. In the remaining fraction, the protein mobility was variable. Both confined and Brownian diffusion models could describe the protein mobility in the latter fraction. The average diffusion coefficient was ~1 nm 2 s -1 . We also showed direct evidence for rotational protein diffusion in grana membranes. Thus, HS-AFM is powerful to visualize individual photosynthetic complexes and to characterize their dynamics in situ.
Introduction
Photosynthesis is a fundamental process that sustains virtually all life on earth. Two photosystems (PSI and PSII), the cytochrome b6f complex (Cyt b6f), and ATP synthase are the major multisubunit membrane protein complexes that catalyze light-driven chemical reactions to synthesize ATP and NADPH in chloroplast thylakoid membranes (1) . Light energy is funneled into the reaction centers of each photosystem through light-harvesting complex (LHC) proteins. LHC proteins of PSII (LHCII) are the most abundant membrane proteins in thylakoid membranes, and they are also known to play an essential role in photoprotection (2) (3) (4) . Given the complexity of the light reactions of photosynthesis and their regulation, investigation of thylakoid membrane structure and function has long been a central topic in the field of photosynthesis research.
Thylakoid membranes in plant chloroplasts are organized into intricate structures comprised of highly stacked and non-stacked membrane regions called grana and stroma lamellae, respectively (5, 6) . It is well established that PSII and LHCII proteins are predominantly localized in grana, whereas PSI and ATP synthase are exclusively located in stroma lamellae (7) . Previous studies using electron microscopy (EM) have shown that grana are highly packed with membrane proteins, where PSII and LHCII form a protein supercomplex (8) (9) (10) .
Interestingly, it has been suggested that macroorganization of PSII-LHCII supercomplexes in grana affects the induction of photoprotection, which is also correlated with the diffusion rate of thylakoid membrane proteins (11) (12) (13) . Thus, photosynthetic membrane proteins are considered to be highly dynamic in thylakoid membranes, which might be vital for optimizing photosynthesis and photoprotection (14) . However, the molecular details and dynamics of protein diffusion in the highly crowded grana still remain poorly understood due to the lack of experiments showing both visualization of individual protein complexes and direct measurements of their mobility in situ.
To investigate protein diffusion in grana membranes, measurements must be performed in aqueous conditions at biologically relevant temperatures. Atomic force microscopy (AFM) has the potential to achieve such conditions, allowing us to acquire images of biological macromolecules at high spatial resolution (XY < 1 nm and Z < 0.1 nm). AFM has been used to characterize the structure and organization of thylakoid membranes (15) (16) (17) (18) (19) (20) , and these studies have shown that PSII organization in thylakoid membranes is affected by illumination with different light conditions (16, 18, 19) . To achieve higher temporal resolution, high-speed AFM (HS-AFM) was developed (21) (22) (23) (24) (25) and successfully used to visualize real-time dynamics of biological macromolecules (see 26, 27 for reviews). However, HS-AFM observation to date has only been successful using in vitro samples, such as purified molecules (28) (29) (30) (31) (32) , proteins in reconstituted lipid bilayers or bacterial membrane preparations (33, 34) .
Here, we perform HS-AFM observations of grana thylakoid membranes isolated from Spinacia oleracea. HS-AFM enabled visualization of dynamic movements of photosynthetic protein complexes in situ. Our results indicate that the diffusion behavior of photosynthetic membrane proteins is heterogeneous not only between different grana layers, but also within a single granum. Our HS-AFM experiments indicate that the fraction of mobile membrane 3 proteins is less than 10% of the total population we observed. We postulate that the heterogeneity in protein mobility might have implications in regulatory functions during acclimation mechanisms.
Results

HS-AFM visualizes dimeric photosynthetic complexes without altering macromolecular organization in grana membranes.
We prepared grana membranes from spinach using digitonin as described previously (35) (Fig. S1 ). We optimized the HS-AFM setup for imaging photosynthetic membrane proteins in grana membranes, such that deflection of the AFM cantilever was detected using a near-infrared laser (830 nm wavelength) to minimize excitation of chlorophylls (see Methods for details). HS-AFM observations indicated that macroorganization of grana membranes and associated protein structures were well preserved ( Fig. 1A and Fig. S2 ). As shown previously (15, 18, 36) , grana membranes were highly packed with dimeric complexes with an overall density of ~1456 ± 23 particles/µm 2 . The dimeric structures were distributed throughout the membranes, but their structural arrangement appeared to be disordered. A bimodal distribution of height and diameter of the dimeric structures indicated the presence of two populations ( Fig. 1B and C) , which were previously characterized as PSII (larger diameters and taller structures) and Cyt b6f (smaller diameters and shorter structures) (17) . Immunoblot analysis also confirmed the existence of PSII and Cyt b6f in our grana membranes prepared using digitonin, which has been shown to keep Cyt b6f intact in the membranes (17) (Fig. S1 ). The semi-quantitative structural char acterization presented here is insufficient to unambiguously separate these two populations. Specific molecular recognition experiments would be required to do so (e.g. reference 17). It is worth mentioning that modest fluctuations in the dimer's height and size were detected in our time-lapse images which further add uncertainty to dimer assignments. A systematic characterization of this observation will be subject of future work. We also calculated the nearest neighbor distance (NND) distribution function ( Fig. 1D ). A main peak centered at ~20 nm flanked by shorter (~16 nm) and longer (~25 nm) distances was well fitted, which is also consistent with previous results (18, 37) . These results observed by HS-AFM are qualitatively comparable with those observed by conventional AFM performed in air (Figs. S1-2).
The protein density and NND distribution observed by HS-AFM are also consistent with those observed by EM (e.g., the samples with no light treatment as shown in refs 36, 38) . Taken together, we were able to use HS-AFM to investigate spatiotemporal characteristics of thylakoid protein complexes in situ without altering their macroorganization.
HS-AFM revealed heterogeneous protein diffusion in individual grana membranes.
To analyze the dynamics of photosynthetic complexes in grana membranes, we performed HS-AFM observation for 60 s or more per sample. HS-AFM images of representative grana discs are shown in Fig. S2C . We tracked individual protruding dimeric structures to calculate the mean square displacement (MSD, Eq. 1). Based on the level of lateral displacement, grana membranes that we observed here could be divided into two groups. The first group, which comprises approximately 90% of the total grana membranes observed in this study, were termed QSM membranes because they contained dimeric structures with quasi-static mobility ( Fig. 2 , Movie S1). The distinct dimeric structure of each particle in a QSM membrane was still apparent after averaging 50 frames of the HS-AFM images ( Fig. 2A ), which indicates that the lateral displacement was confined to a few nanometers. The MSD values of 53 dimeric structures in this representative QSM membrane show that the molecular displacement was less than 10 nm 2 (Fig. 2B ). The average MSD trace of all structures (thick line in Fig. 2B ) was well fitted to a confined diffusion model (Eq. 2). Because the grana membranes used in this study showed preserved macroorganization ( Fig.   1 , Figs. S1-2), we consider that the quasi-static mobility observed in the QSM group does not indicate an aberrant state of the membranes. In the second group, which comprises about 10% of the total grana membranes observed in this study, most dimeric structures showed quasi-static mobility and sometimes appeared to be clustered (arrowheads in Fig. S3 ). However, there was a subpopulation of dimeric structures that displayed larger displacements. Figure 3A The average MSD trace of the entire population of particles in the VPM membranes may underestimate a certain subpopulation, which apparently showed an unconfined diffusion. To carefully determine the diffusion of each individual dimeric structure, we first fitted each MSD trace to the confined diffusion model. Next, we extracted each confined domain (L) and correlated it with the diffusion coefficient during the first 4 seconds (Dinitial). We then applied k-means clustering criteria. The results showed that most of the dimeric structures (84%) ( Fig. 3C , blue circles) were each confined to a small region (average L = 5.8 ± 0.04 nm). In contrast, the remaining population It is worth mentioning that we occasionally observed grana membranes that contained larger populations of mobile dimeric structures (>80%) than immobile one (Movie S3). In such cases, dimeric structures tended to collide with each other more frequently, which made it difficult to properly identify individual structures and to track their lateral diffusion. Moreover, the shorter residence time of rapidly diffusing structures was insufficient to accurately measure their dimensions in a given frame (i.e., the structure's size and height appears to fluctuate). That makes it difficult to distinguish whether the mobile dimeric proteins indicate the mobility of PSII, Cyt b6f, or both.
HS-AFM visualized rotational displacement of dimeric structures in grana
High temporal resolution of HS-AFM in this study also enabled us to analyze rotational displacement of the dimeric structures. In the VPM grana membranes, which contained the dimeric structures with heterogeneous diffusion, we Fig. 4D ). In contrast, the other dimeric structure showed an average CCV value of 0.83 (Fig. 4C, blue trace) , and the dimeric morphology of this structure stayed the same after averaging the timelapse images (blue profile in Fig. 4D ). It is known that PSII-LHCII supercomplexes in grana can be organized into a higher order of associations (e.g. megacomplexes or two-dimensional crystalline arrays) (39) . Intriguingly, it has recently been suggested that there are two types of PSII megacomplexes, in which 80% of the supercomplexes show parallel associations, whereas the other 20% interact in a non-parallel manner with variable associations between the two supercomplexes (40) . The rotational displacement of the dimeric structures detected here might indicate the formation of variable associations between PSII-LHCII supercomplexes. Such variable associations between neighboring supercomplexes could be one of the mechanisms causing large organizational changes within the membranes.
Discussion
Our HS-AFM observation revealed the presence of at least two groups of isolated grana membranes according to the diffusion behavior of observed dimeric protein structures. The first group (QSM) represents the majority of grana membranes observed (90% of ~15 grana discs), which contain dimeric structures with quasi-static mobility that fits a confined diffusion model (Fig. 2) . The remaining 10% of observed membranes (VPM) contain dimeric structures showing larger displacements and a higher diffusion rate than the first group. The diffusion model for the second group appears to be fitted with both confined and Brownian models, but there are individual trajectories that fit only a Brownian model because of their high diffusion rates (Fig. 3) . The architecture and organization of both types of membranes are qualitatively similar (lack of crystalline arrays and similar complex densities). We do not have evidence to suggest the exact reason for this heterogeneity. As we observed a similar density of dimeric structures in both QSM and VPM grana membranes, a possible reason for this heterogeneity could be different lipid compositions in the membranes, which might originate from different parts of thylakoid membranes. Also, it has been previously shown that, in fluctuating light, the organization of PSII-LHCII supercomplexes could undergo reversible transitions from crystalline to fluid phases (18, 36) . Therefore, we speculate that the heterogeneous protein mobility observed in this study might partially reflect different physiological conditions or transient events related to photoacclimation mechanisms in the leaves from which the grana were isolated. Future experiments using plants acclimated to different light environments will provide a detailed connection between our HS-AFM observation and physiological mechanisms. In this study, we provide a proof of concept that HS-AFM is a suitable technique to study the protein dynamics in thylakoid membranes.
Molecular confinement is well-described in highly crowded membranes such as thylakoid membranes (41) , which would have a significant impact on protein mobility (e.g. diffusion paths and velocities). Fluorescence recovery after photobleaching (FRAP) experiments both in intact or broken chloroplasts and isolated grana membranes have shown that about 80% of chlorophyll-binding proteins are immobile (11, 42) . HS-AFM allows us to visualize the displacement of individual dimeric photosynthetic complexes in thylakoid membranes and to characterize their diffusion. Our HS-AFM observation indicated that 90% of observed grana contain immobile proteins, similar to the results reported by FRAP experiments. This suggests that the overall protein immobility in chloroplasts observed by FRAP might reflect the confined protein mobility occurring in grana.
Additionally, our HS-AFM observation revealed that protein diffusion can be segregated even within the same grana disc ( Figs. 3, 4 ). It has been shown by using in vitro reconstituted lipid membranes that local protein density is correlated with protein mobility, demonstrating that molecular confinement has an effect on protein diffusion in membranes (33) . Unlike such in vitro reconstituted lipid membranes, however, we used biological membranes, which contain many different proteins in their native lipid environment. LHCII proteins are most abundant in grana and are suggested to be both immobile and mobile as they can associate with PSII and interact with other LHCII proteins, reorganizing different protein complexes in response to light fluctuations (14) . The heterogeneity of protein mobility in a single granum observed here might indicate such different situations of LHCII, some of which are strongly associated with PSII, whereas others diffuse freely between PSII supercomplexes and thereby affect the apparent mobility of dimeric structures. AFM is not able to detect individual LHCII proteins due to their flat, membrane-embedded structures, which do not show a clear protrusion from the membrane surface. To fully understand diffusion of dimeric proteins (PSII and Cyt b6f) in thylakoid membranes, it will be necessary to consider the effect of these embedded membrane proteins.
Our HS-AFM observation indicated that the average diffusion coefficient of dimeric structures in grana is approximately 1 nm 2 s -1 . The results from FRAP measurements estimated a diffusion coefficient of ~100 nm 2 s -1 (42) , 100-fold higher than our observation, which is most likely due to the fact that our HS-AFM tracks individual dimeric structures in grana, while FRAP measures the ensemble of chlorophyll-binding proteins. Coarse-grained simulations of individual PSII complexes calculated a diffusion coefficient of 100,000 nm 2 s -1 (43) . However, this simulation did not account for the molecular crowding effect. Monte Carlo simulations based on FRAP experimental data which include the effect of molecular crowding calculated a diffusion coefficient of 1 nm 2 s -1 (37) , which agrees well with our direct observation of these complexes. These results emphasize that it is essential for understanding diffusion of membrane proteins to measure not only the mobility of individual molecules but also to consider the effect of molecular crowding (41, 42) , which is only achievable experimentally by HS-AFM.
In conclusion, we demonstrate that HS-AFM is a powerful technique for characterizing the dynamics of photosynthetic protein complexes in grana thylakoid membranes. Our real-time HS-AFM observation showed heterogeneous mobility of individual proteins. We also obtained the first direct evidence showing rotational protein diffusion in grana. With our current HS-AFM setup, the molecular displacement of PSII and Cyt b6f was indistinguishable. Our successful application of HS-AFM to photosynthetic proteins in grana membranes opens a much-needed avenue to address long-standing questions regarding the dynamics of these protein complexes during photoacclimation and photoprotection mechanisms.
Materials and Methods
Grana sample preparation
Grana membranes were prepared from spinach (Spinacia oleracea) according to the previous method (35) except for the following modification. Spinach leaves were obtained from a local store and kept in the dark overnight at 4 °C. Digitonin (the final concentration at 0.7% w/v) was used to solubilize chloroplasts (0.4 mg Chl/mL) at 4 °C for 30 min in the buffer containing 50 mM phosphate (pH 7.2), 300 mM sucrose, and 10 mM KCl. Crude grana fractions were removed by centrifugation at 1,000 × g for 3 min at 4 °C. The supernatant was centrifuged at 1,000 × g for 5 min at 4 °C to sediment taller grana. The supernatant was further centrifuged at 1,000 × g for 10 min at 4 °C. The pellet containing shorter-height grana was resuspended in the same buffer and immediately used for AFM observation.
Immunoblot analysis
Membrane samples were solubilized with standard Laemmli sample buffer and separated by electrophoresis using sodium dodecyl sulfate polyacrylamide gel prepared using Any kD TGX precast protein gels (Bio-Rad). Separated proteins in gel were electroblotted onto a polyvinylidene difluoride membrane using Trans-Blot Turbo transfer system according to the manufacturer's instruction (Bio-Rad). Primary antibodies specific for D1 (PSII), PsaD (PSI), Lhcb2 (LHCII), Cyt f, and AtpB were obtained commercially (Agrisera) and used according to their recommendations.
Conventional AFM in air
Grana membranes were deposited on freshly cleaved mica in high ionic strength buffer (10 mM Tris-HCl, pH 8.0, 150 mM KCl, and 25 mM MgCl2) (44) and incubated at room temperature for 1-3 h. Mica was rinsed with water ten times and dried under N2 gas flow for 2 min. We used a Multimode AFM Nanoscope V (Bruker Co.) and performed the observation as described previously (18) .
HS-AFM
Grana membranes were diluted 5-to 10-fold in high ionic strength adsorption buffer. Two microliters of the diluted sample was deposited on freshly cleaved mica and incubated for 1 h in the dark. Weakly bound membranes were removed by rinsing 10 times with imaging buffer (10 mM Tris-HCl, pH 8.0, 5 mM MgCl2, 150 mM KCl) followed by a gentle, brief (2 s) puff of high purity Argon gas. The sample was immediately immersed in 2 µL of imaging buffer. For scanning, the HS-AFM bath contained the same imaging buffer. We optimized data acquisition and analyses to deconvolute the noise intrinsic to our HS-AFM (e.g. drift, probe, and scan artifacts) to minimize overinterpretation and maximize unbiased observations. We used the Ando-model HS-AFM (24) equipped with a nearinfrared laser (830 nm wavelength) to minimize chlorophyll excitation during observation. All optical components were adjusted to near infrared region except for an objective lens. We used a wide area scanner (maximum range: 6 × 6 μm 2 in XY-directions and 1 μm in Z-direction). First, we set the scan range between 1 × 1 μm 2 to 4 × 4 μm 2 in order to find appropriate membranes. Then, we moved the stage to place the membrane at the cantilever position and observed it with scan range of 150~500 nm 2 at 1 frame s -1 . The samples were scanned in liquid using tapping mode at room temperature. The deflection of micron-sized cantilever (AC10DS, Olympus, spring constant ~0.1 N/m, resonance frequency 400~500 kHz in liquid) was detected using an optical beam detector. The free-oscillation amplitude of the cantilever (A0) was set to ~2 nm, and the set point of feedback amplitude was set to about 0.9A0.
The detailed procedure of HS-AFM observation was described elsewhere (45) .
Data analysis
Individual frames from HS-AFM movies were processed using customized algorithms written in Igor Pro (Wave Metrics Inc). First, noise was reduced by Gaussian filtering followed by a flattening filter to accurately measure heights. Second, entire patches were tracked using a 2D correlation method to correct and minimize lateral drift (29) . Finally, the corrected images were aligned to the first frame to remove residual artifactual displacements.
Movies whose center of mass from individual frames was satisfactorily aligned were selected for further analysis.
Particle dimensions (median heights, diameters, center of mass, etc.) were obtained from those selected by thresholding segmentation (package features) from the particle and pore analysis module included in SPIP™.
Dimensional fluctuations and spatial displacements were tracked, plotted, and fit using customized scripts written in Wolfram Mathematica® or Igor Pro. The goodness of fit for normal distributions was done using the Akaike information criterion. The contrast of high resolution images was digitally adjusted to facilitate the visual detection of dimeric structures chosen for particle analysis; therefore, small and membrane-embedded proteins appear invisible. Particle MSD was calculated according to:
where and are the particle's center of mass coordinates at different time points; 0 and 0 represents the initial x,y center of mass coordinate; = total duration of observation. Each MSD trace was then fit with two diffusion models: confined (Eq. 2) (46, 47) and Brownian (Eq. 3). To establish whether or not the particle's diffusion properties were identical, we determined the relationship between L and the initial diffusion coefficient (Dinitial at ≈ 4 s) or Dmicro obtained from Eq. 4. We confirmed an apparent particle's segregation from this correlation by applying the k-means clustering criteria. The diffusion coefficients reported in this study were obtained from the best fit (Brownian or confined) to the average trace resulted from each subgroup. The goodness of the fitting was evaluated by determining the squared correlation coefficient R 2 .
To dissect the molecular rotational movement, we calculated the correlation coefficient of 2D image (29) .
After tracking a selected molecule to eliminate lateral diffusion effects, we defined it into a rectangular region of interest (ROI) to calculate the 2D correlation coefficient frame by frame with Eq. 5.
H and I denote the height values at a pixel point ( , ) for the targeted ROI at different time points and the initial one (from the first frame), respectively. ̅ and ̅ are their respective height mean values of the matrix. 
